Mice lacking the hypoxia-inducible transcription factor EPAS1 die at mid-gestation. Despite normal morphological development of the circulatory system, EPAS1-deficient mice display pronounced bradycardia. In addition to the vascular endothelium, EPAS1 is expressed intensively in the organ of Zuckerkandl (OZ), the principle source of catecholamine production in mammalian embryos. EPAS1-deficient embryos contained substantially reduced catecholamine levels. Mid-gestational lethality was rescued by administration of the catecholamine precursor DOPS to pregnant females. We hypothesize that EPAS1 expressed in the OZ senses hypoxia during midgestational development and translates this signal into an altered pattern of gene expression, leading to increases in circulating catecholamine levels and proper cardiac function.
Endothelial PAS domain protein 1 (EPAS1) is a hypoxiainducible transcription factor abundantly expressed in vascular endothelial cells (Ema et al. 1997; Flamme et al. 1997; Tian et al. 1997) . The primary amino acid sequence of EPAS1 is similar (48% identity) to that of hypoxiainducible factor 1␣ (HIF1␣), a transcription factor known to induce erythropoietin gene expression in cultured cells in response to hypoxia (Semenza and Wang 1992; Wang et al. 1995) . Both EPAS1 and HIF1␣ are members of the bHLH-PAS domain family of transcription factors, which include proteins that assist in the detoxification of xenobiotics (Hankinson 1995; Schmidt and Bradfield 1996) , the control of circadian rhythm (Kay and Miller 1995; Antoch et al 1997; King et al. 1997) , and the specification of tissue patterning during embryonic development (Nambu et al. 1991; Isaac and Andrew 1996; Wilk et al. 1996) .
Although EPAS1 and HIF1␣ share substantial primary amino acid sequence similarity and are essentially indistinguishable in their functional properties studied to date, the two proteins are expressed in very different cell and tissue types. In the umbilical cord, for example, EPAS1 is expressed in endothelial cells that line the walls of blood vessels. In contrast, HIF1␣ is expressed in smooth muscle cells that surround blood vessels (Tian et al. 1997) . Thus, whereas the two proteins probably utilize similar biochemical mechanisms, they are thought to control markedly different physiological pathways dictated by their discrepant sites of expression. As an example, one of the most important targets of HIF1␣ gene activation is the erythropoietin gene in the kidney. Because EPAS1 is not present in the peritubular kidney cells that express erythropoietin (Eckardt et al. 1993; Tian et al. 1997) , it plays no direct role in the transcriptional induction of this gene in response to hypoxia. To elucidate physiological roles for EPAS1, we disrupted its encoding gene in mice. Here we show that homozygous, EPAS1-deficient embryos die from circulatory failure during mid-gestational embryonic development. Our results are consistent with a fundamental role for EPAS1 in the control of cardiac output.
Disruption of the murine EPAS1 gene was accomplished by homologous recombination in embryonic stem (ES) cells using a targeting plasmid in which a modified form of Escherichia coli ␤-galactosidase (␤-gal) was substituted for exon 2 of the EPAS1 gene (Fig. 1A) . Two homologous recombinant stem cell lines were isolated from a total of 768 transfectants, and one of these successfully passed the disrupted EPAS1 gene through the germline (Fig. 1B,C) . The introduced mutation eliminated EPAS1 mRNA, as deduced by Northern blot analysis of RNA prepared from homozygous embryonic day 13.5 (E13.5) animals (Fig. 1D) .
Mice heterozygous for the EPAS1 mutation were indistinguishable from their wild-type litter mates over a period of 10 months. However, no liveborn homozygous mutant animals were recovered from heterozygous intercrosses, suggesting that the EPAS1 mutation might cause embryonic lethality. To determine the time of death, embryos were genotyped at various developmental stages (Table 1) . At E11.5, homozygous embryos with normal appearance were found at the expected Mendelian ratio (25%). Beginning at E12.5, the percentage of homozygous, EPAS1-deficient embryos declined, and by E16.5 no viable embryos with this genotype were observed. Similar results were obtained when the disrupted EPAS1 gene was maintained in a congenic 129 background (data not shown). Surviving EPAS1-deficient embryos between E12.5 and E15.5 were grossly normal with no obvious morphological defects.
EPAS1 is capable of activating the Tie2 gene (Tian et al. 1997) , which encodes an endothelial cell specific re-ceptor tyrosine kinase required for embryonic angiogenesis (Dumont et al. 1994; Sato et al. 1995) . Mice deficient in Tie2 have malformed blood vessels and die between E9.5 and E10.5 (Dumont et al. 1994; Sato et al. 1995) . To determine if mutant embryos suffered vascular defects, the expression of EPAS1-driven ␤-Gal activity was followed during crucial stages of angiogenesis. As shown in Figure 2A , surrogate EPAS1 expression was detected in the dorsal aorta and the forming intersegmental arteries beginning around E9.0-9.5. Similarly, homozygous embryos stained on E10.5 contained a normally patterned arterial system (Fig. 2B) . As shown in Figure 2C , homozygous and heterozygous animals showed indistinguishable patterns of vascular development. These observations indicate that EPAS1 does not play an essential role in either vasculogenesis or angiogenesis.
Previous studies have shown that abnormalities in cardiovascular development, liver hematopoiesis, and formation of the placenta can lead to mid-gestational lethality (Copp 1995; Uehara et al. 1995) . In the dead EPAS1 homozygous embryos, congestion of blood was observed in both the liver and cardiac outflow tracts (Fig.  2D ). However, an examination of paraffin-embedded sections derived from live, EPAS1-deficient embryos isolated on E11.5 and E15.5 did not reveal any morphological defects in the heart, liver, or placenta. Taken together, these histological analyses suggested that EPAS1 mutant embryos might die from a physiological rather than developmental cause.
Next, we examined EPAS1 expression in more detail at or near the time of embryonic death. Heterozygous animals were stained with X-gal and sectioned to reveal expressing cells and tissues. In addition to endothelial cells, EPAS1-expression was observed in the sympathoadrenal cell lineage. At E11.5, EPAS1-positive cells were observed in the sympathetic chain (Fig. 3A) . One Genotyping was performed by PCR analysis of yolk sac or tail DNA using primers diagnostic for wild-type and mutant alleles. Noon of the day on which a vaginal plug was detected was defined as E0.5 of gestation. (P1) postnatal day 1.
day later, EPAS1 expression was down-regulated in these cells but intensively expressed in the forming paraganglia termed the organ of Zuckerkandl (OZ) (Fig. 3B) . From E13.5 to E15.5, EPAS1 expression was maintained at a high level in chromaffin cells of the OZ and was also present at lower levels in the adrenal gland (Fig. 3C,D) . The temporal expression of EPAS1 in these cells correlated with the time of death of EPAS1-deficient embryos (Table 1) . The OZ represents the major source of fetal catecholamines, especially during early embryogenesis when neither the sympathetic nervous system nor the adrenal medulla is functional (Lagercrantz and Marcus 1992) . Catecholamines are required for normal cardiovascular function during embryonic and neonatal development. Mice deficient in genes encoding essential catecholamine biosynthetic enzymes, including tyrosine hydroxylase and dopamine ␤-hydroxylase, die at midgestation, presumably because of bradycardia (Kobayashi et al. 1995; Thomas et al. 1995; Zhou et al. 1995) .
Catecholamine release in the embryo is known to regulate cardiac output by increasing heart rate (Landsberg and Young 1994). Wild-type E12.5 embryos (n = 33) had an average heart rate of 36.0 ± 6.6 (mean ± S.D.) beats per minute, whereas the hearts of EPAS1 deficient embryos (n = 24) beat more slowly (26.9 ± 8.0). The observed difference in heart rate was statistically significant according to both Student's t-test (P < 0.001) and the Wilcoxon rank sum test (P < 0.001). Thus, prior to death, EPAS1-deficient embryos exhibit a measurable slowing of heart rate (bradycardia).
Fetal catecholamine levels were next measured by high pressure liquid chromatography (Thomas et al. 1995) . The amount of noradrenaline, the principal catecholamine in the mammalian fetus, was significantly higher (5.42 ± 2.15 ng/mg protein (Phillippe 1983) , n = 16, P < 0.001) in E12.5 wild-type embryos compared with EPAS1-deficient embryos (3.21 ± 0.76 ng/mg protein, n = 15).
The reduced levels of noradrenaline and the bradycardia observed in EPAS1 deficient-embryos might account for embryonic lethality. To test this hypothesis, we attempted to rescue EPAS1 homozygotes with L-3,4-dihydroxyphenylalanine (L-DOPA), and D,L-threo-3,4-dihydroxyphenylserine (DOPS). L-Dopa can be converted into dopamine and norepinephrine by the consecutive actions of L-aromatic-amino acid decarboxylase and dopamine ␤-hydroxylase, respectively, whereas DOPS can be directly converted into norepinephrine by the decarboxylase enzyme. Fresh drinking water containing either L-DOPA or DOPS at 1 mg/ml was administered daily to pregnant females as described (Thomas et al. 1995; Zhou et al. 1995) . DOPS prevented mid-gestational death in ∼40% of the mutant embryos, whereas L-DOPA failed to do so (Table 2 ). The rescued EPAS1-deficient pups were carried to term, at which time they appeared runted, failed to suckle, and died within 24 hr after birth.
The OZ regresses in neonates, and its function as a sensor of hypoxia is largely assumed by the carotid body. This sensory organ is composed of catecholamine-containing type I (glomus) cells, glial-like type II (sustentacular) cells, and afferent chemosensory fibers of the carotid sinus nerve (Peers and Buckler 1995) . In response to decreased arterial oxygen, catecholamines are released from the type I cells and stimulate an increase in the sensory discharge from the carotid sinus nerve, which in turn increases respiration and cardiovascular output (Peers and Buckler 1995) . As shown, EPAS1 was highly expressed within the carotid body (Fig. 4A) . Histological examination at low (Fig. 4B) and high (Fig. 4C ) magnification revealed staining in both the endothelial L-DOPA and DOPS were given in drinking water (1 mg/ml) to pregnant females from gestation day 8.5 until term. Pups delivered were genotyped by PCR analysis using genomic DNA extracted from tail samples. cells of this highly vascularized organ, and importantly, in the catecholamine containing, cytoplasm-rich type I cells. The observations presented in this report reveal an essential role for EPAS1 in catecholamine homeostasis in the mammalian embryo. Deficiency of this transcription factor leads to bradycardia, marked reduction in norepinephrine, and mid-gestational fetal death. EPAS1 is expressed at high levels in the chromaffin cells of the OZ, an organ thought to release norepinephrine into the fetal circulation in response to hypoxia (Lagercrantz and Marcus 1992) . We hypothesize that EPAS1 expression in the OZ is hypoxia inducible and, at a mid-gestational point of development, acts as a sensor of hypoxia in the embryo. In response to this signal, EPAS1 induces the expression of genes required for either the synthesis or release of catecholamines. When EPAS1 is absent, catecholamine homeostasis is disrupted, leading to progressive bradycardia and fetal death. In the adult, EPAS1 may have a similar role as a sensor of hypoxia and an effector of catecholamine action in the type I cells of the carotid body.
What are the target genes through which EPAS1 mediates its effects on catecholamine homeostasis? If EPAS1 regulates the synthesis of this class of neurotransmitters, then an attractive candidate gene for EPAS1-mediated induction in the OZ and carotid body is the tyrosine hydroxylase gene. Previous studies have shown that mice deficient in this enzyme activity die at a midgestational time point indistinguishable from EPAS1-deficient animals (Kobayashi et al. 1995; Zhou et al. 1995) . Moreover, the tyrosine hydroxylase gene is known to be induced by hypoxia in the carotid body (Czyzyk-Krzeska et al. 1992; Millhorn et al. 1996) . Similarly, the observation that DOPS but not L-DOPA rescues EPAS1-deficient embryos ( Table 2 ), suggests that the dopamine ␤-hydroxylase gene may be regulated by this transcription factor.
An equally strong argument can be made for EPAS1 regulation of genes involved in catecholamine release. We have noted that all homozygous EPAS1-deficient embryos harbored by heterozygous females die before E16.5 despite having only a 40% reduction in total norepinephrine levels. In contrast, some homozygous dopamine ␤-hydroxylase-deficient embryos borne by heterozygous females survive to term in the face of a >95% reduction in norepinephrine levels (Thomas et al. 1995) . Complete lethality in the latter animals is only observed in homozygous embryos harbored by homozygous deficient mothers. These results suggest that embryonic lethality in the EPAS1-deficient mice is not directly correlated with a catecholamine biosynthetic defect but, rather, a downstream event in hormone action such as release in response to hypoxia or subsequent uptake at the synapse (Jones et al. 1998) .
Regardless of what target genes are regulated by EPAS1 in the catecholamine-secreting cells of the OZ and carotid body, the observations presented in this report document an integral role for EPAS1 in catecholamine homeostasis. If the interpretations made here are correct, then EPAS1 may represent an appealing target for the discovery of drugs that regulate catecholamine homeostasis and the cardiovascular system.
Materials and methods
Disruption of EPAS1 gene A 180-bp mouse EPAS1 DNA probe encoding the bHLH exon was used to isolate BAC clones from a 129/SvJ mouse genomic library (Genome System, Inc.). The genomic structure in the vicinity of the bHLH exon was determined using a combination of restriction enzyme digestion, Southern blotting and long-range PCR. A 1.2-kb PCR fragment containing the EPAS1 genomic sequence 5Ј to the bHLH exon and the first 13 nucleotides of this exon was fused in-frame with a modified bacterial lacZ containing a nuclear localization signal. The resulting 4.5-kb DNA fragment was subcloned into a XhoI site of a targeting vector (pPolII NEO). A 13-kb BamHI fragment containing the DNA sequence 3Ј to the EPAS1 bHLH exon was inserted into a BamHI site in the targeting vector. The vector was linearized with SalI, and 50 µg of plasmid DNA was introduced into the ES cell line JH-1 by electroporation. Stable transfectants were selected with G418 and FIAU. After 10 days, colonies were picked, expanded, and screened for homologous recombinants by Southern blotting. Two positive clones were isolated from a total of 768 colonies. Both ES cell clones were injected into C57BL/6 blastocysts. Chimeric male mice obtained were then bred to C57BL/6 and 129/Sv females to produce heterozygous mice.
Histology
To detect ␤-gal enzyme activity, embryos were fixed in 4% paraformaldehyde at room temperature for 30-60 min, depending on size. After washing with phosphate-buffered saline (PBS), embryos were stained in 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-gal), 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , and 100 mM sodium phos- phate (pH 7.3) at 37°C for 2-18 hr. Stained embryos were fixed in 10% neutral buffered formaldehyde solution at 4°C overnight. The embryos were then embedded in paraffin and sectioned at 6 µm. Sections were mounted on glass slides and counterstained with hematoxylin and eosin.
For routine histology, whole embryos or placentae from each genotype were fixed in 10% neutral buffered formaldehyde solution. Tissues were dehydrated through graded ethanol solutions and embedded in paraffin. Serial sections were cut at 6 µm and counterstained with hematoxylin and eosin.
Physiology and pharmacology
To determine heart rate, E12.5 embryos with placenta attached were isolated from timed pregnant females. Heart rate (no. of contractions per minute) was then counted in solution at 24°C.
Catecholamine rescue experiments were performed with L-DOPA or DOPS dissolved at a concentration of 1 mg/ml in water containing 2 mg/ml ascorbic acid. Solutions were placed in water bottles attached to individual cages and changed daily. Newborn pups were genotyped by PCR analysis to generate the data of Table 2 .
To measure whole embryo catecholamine levels, fetuses were dissected on E12.5, snap frozen, and stored at −70°C. Tissues were homogenized on ice in 200 µl of 0.1 M perchloric acid, 0.01% cysteine, and 5 µg/liter of 3,4-dihydroxybenzylamine (as internal standard), centrifuged at 4°C for 10 min (19,000g), and the resulting supernatant extracted with alumina (Thomas et al. 1995) . Catecholamines were eluted from alumina with 0.1 M perchloric acid, 0.01% cysteine, and quantitated by high pressure liquid chromatography (Thomas et al. 1995) .
